We report on temperature dependent TmMnO 3 far infrared emissivity and reflectivity spectra from 1910 K to 4 K. At the highest temperature the number of infrared bands is lower than that predicted for centrosymmetric P6 3 /mmc (D 6h 4 ) (Z=2) space group due high temperature anharmonicity and possible defect induced bitetrahedra misalignments. On cooling, at ~1600 ± 40 K, TmMnO 3 goes from non-polar to an antiferroelectric-ferroelectric polar phase reaching the ferroelectric onset at the ~700 K. Phys. Rev. Lett. 99, 266604). The stronger second at ~36 cm -1 corresponds to the lower branch of the TA gap. We assign both excitations as zone center magnetoelectric hybrid quasiparticles concluding that in NdMnO 3
INTRODUCTION
From the initial days of research in oxides [1, 2] it was recognized that hexagonal rare earth manganites conform an attractive group with a wide range potential practical applications. [3, 4] One main distinctive feature of this family of compounds is the coexisting ferroelectric and magnetic order without the occurrence of the electronic lone pair found in classical ferroelectrics at the perovskite site A (Bi, Pb ions) in which two valence electrons participate in chemical bonds through (sp)-hybridized states such as sp 2 
or sp 3 [5]
From a plethora of experimental probes on these perovskite derived improper ferroelectrics, [6] studies of the vibrational and electronic properties through the paraelectric, ferroelectric, and magnetic phases unveil clues on the weight and role of the intrinsic interplay of orbital, spin, lattice, and charge. Among them, hexagonal RMnO 3 (R=Rare Earth) undergo a paraelectric to ferroelectric transition by losing the inversion center of the high temperature space group P6 3 /mmc. The spontaneous electric polarization along c axis is triggered by buckling in the ab plane accompanied by ferroelectric Rare Earth displacements to inequivalent sites. [7] Sharing these properties, TmMnO 3¸ occupies an intermediate place within
the family of compounds with smaller Rare Earth cations (R= Lu, Yb, Tm, Er, Ho). [8] Its hexagonal crystal structure is built on corner-sharing bipyramids in which center lies the Mn 3+ ion surrounded by three in-plane oxygens. The MnO 5 polyhedra, with the two extra apical O 2-ions along the c axis, define a near triangular network in the ab plane where Mn 3+ longrange frustrated triangular antiferromagnetism, due to a ~120° spin arrangement, sets in at T N Mn~8 4 K. [9, 10] In this lower temperature phase, TmMnO 3 has six formula units per unit cell. Neighboring spins are antiferromagnetic coupled via oxygen ions by superexchange interactions.
And, as in any other RMnO 3 (R=Rare Earth), interplane exchange interactions are expected to be about two orders of magnitude weaker [11] but still play a significant role in the origin of multiferroicity. [12, 13] Thulium ions are in cages surrounded by seven oxygens (TmO 7 ) in a trivalent state and occupy two non-equivalent lattice sites. It is anticipated to also order magnetically at an unspecified lower temperature T N Th. « T N Mn [9, 14] Here we present temperature dependent far-and mid-infrared emissivity and reflectivity of hexagonal Cooling further down to 80 K, and concurrent with the observation of no structural changes, the number of infrared active phonons remains constant.
Below that temperature most of the vibrational bands undergo temperature driven sharpening as expected for cooling.
In addition to phonon activity, we report on the temperature evolution of
THz excitations represented by a room temperature overdamped band, the origin of which is assigned to orbital fluctuating e g electrons. Starting at about 100 K, and notoriously, at T N~8 4 K, the band comes out steadily °C, and then, decomposed by heating at temperatures up to 800 °C in air.
The precursor powder was finally heated at 1100 °C in air for 12 h, thus yielding a well-crystallized single phase powder. [11, 18] .
The TmMnO 3 crystal structure at room temperature is defined in the hexagonal space group P6 3 cm with the lattice parameters a= 6.0950 (1) and c= 11.3806(2) Å. [11, 18] . As it is shown in Fig. 1 A liquid He cooled bolometer and a deuterated triglycine sulfate (DTGS) detector were employed to completely cover the spectral range of interest. A gold mirror was used as 100% reflectivity reference since emissivity and reflectivity spectra are in excellent agreement in our range of interest. This makes possible the use of the same sample with both techniques without altering its surface (by running first reflectivity in vacuum and then emissivity in dry air (see below)).
After obtaining the optical data we placed all our emission spectra in a more familiar near normal reflectivity framework by noting that
where R is the sample reflectivity. This allows computing phonon frequencies using a standard multioscillator dielectric simulation. [24] We use a description of the dielectric function, ε(ω), given by
ε ∞ is the high frequency dielectric constant taking into account electronic contributions; ω jTO and ω jLO , are the transverse and longitudinal optical mode frequencies and γ jTO and γ jLO their respective damping. It is also proper to mention that the left-hand side of equation (3) is, in fact, an approximation strictly valid for magnetically inert materials. Its use implies that the unknown frequency dependent magnetoelectric coupling constant, α(ω), is set to zero. On the other hand, magnetoelectric effects are very weak and in our case corrections to the phonon Lyddane-Sachs-Teller relationship are expected to be negligible. [24] Our measurements suggest that that coupling constant may be magnon-phonon dependent.
We also added when needed a Drude term (plasma contribution) to the dielectric simulation as
where ω pl is the plasma frequency, γ pl its damping, and γ 0 is understood as a phenomenological damping introduced to reflect lattice drag effects.
When these two dampings are set equal, one retrieves the classical Drude formula.
The real (ε 1 (ω)) and imaginary (ε 2 (ω)) part of the dielectric function (complex permittivity, ε*(ω)) then estimated from fitting the data [25] using the reflectivity R given by
We calculated the oscillator strength S j for the j th oscillator as in 
Results and Discussion

i)
The non-polar to polar high temperature structural phase transition Fig. 2 shows the 1-E spectra of TmMnO 3 from 662 K to 1910 K. We find that despite the factor analysis of the space group P6 3 /mmc ( D 6h 4 ) (Z=2) the high temperature centrosymmetric structure predicts [18] Γ IR = 3A 2u + 3 E 1u (7) infrared active modes, our spectra display fewer bands (Table I ). Being weak shoulders or very broad, they may be interpreted as unresolved due to high anharmonicities in paraelectric TmMnO 3 . It is however worth mentioning that as in some high temperature compounds with basal plane of hexagonal structure there might be up/down vertical sublattice orientational distortion contributing to band broadening. [26, 27] This would then add an intrinsic extra factor associated with possible bitetrahedra misalignments in passing from highest temperature centrosymmetric P63/mnm to the P6 3 cm space group.
On cooling, we find a clear discontinuity in the number of phonons and band profiles at 1600 K ± 40 K. (Fig. 2 , inset) where new band and relative intensity changes are assimilated to conventional order-disorder mechanism for a first order phase transition. We assign that phonon change to the transition from non-polar to polar structure observed by Lukaszewicz and
Karat-Kaliciníska, and others in YMnO 3 [28. 29] Further, our spectra and analysis at slightly higher temperature (our working temperatures are fixed by the CO 2 laser ramp), support the scenario proposed for TmMnO 3 by
Lonkai et al using high temperature neutron powder-diffraction data. [15] Antiferroelectricity and canted ferroelectricity is proposed as part of a twostep structural transition toward the low temperature polar phase. Then at T npl~1 600 K vibrational changes, shown in Fig.. 3 (a,b) Table I shows the number of oscillators needed to get an excellent fit on both sides of the transition.
At temperatures lower than Tc, the reflectivity at 580 K and 4 K in the (Table I) .
We also found in 1-E a remarkable change in a very broad band centered at frequencies higher than ~6000 cm -1 in the mid-infrared spectra at about the temperatures where the phase transition takes place (Fig. 2 ) This band remains well defined below ~1600 K, and remarkably, is not detected in the centrosymmetric phase where one can only infer a shifted weight toward lower frequency. Although at these temperatures in the mid-infrared spectral region may be argued that eq. (2) is not strictly valid due to the fact that transmission is not taken into account, thus introducing the possibility of some profile distortion, it should be also kept in mind that being our samples oxides, they are subjected to atmospheric oxidation when heated in a dry air box. Discussed in detail for NdMnO 3 [20] heating in air is known to generate a mid-infrared band by carrier delocalization from the oxidation reaction Mn 3 + →Mn 4 + + 1e -, independently of the phase at which it takes place. [20] As it is shown in Fig. 3 (a) and table I, the spectrum fit for 1-E in the centrosymmetric phase, above the ~1600 K phase transition, needs the explicit introduction of an overdamped Drude term indicating the presence of leakage currents by defects. The Christiansen inflexion point [20] that it is still present at about 750 cm -1 now is at a finite reflectivity distorted by the appearance of somehow delocalized carriers in the background. Then its use in calculating the sample temperature (eq (1)) is not reliable as for temperature reading. [20] . As it is shown in fig. 2 this reflectivity dip becomes even much weaker after further temperature increase beyond ~1910 K where TmMnO 3 becomes a poor conducting compound as a consequence of oxidation defects inducing hopping of quasi-free electrons
These electrons are associated with the double exchange mechanism between Mn 3+ and Mn 4+ ions. One might then be inclined to conclude that the intensity enhancement found in the ~6000 cm -1 band abruptly changing at T npl , is result of the lattice distortion (symmetry) and temperature driven carrier localization affecting the electronic polarization of the lattice ions.
That is, electron-dipole cooperative interactions among defect induced small polarons, quasilocalized carriers, and bond polarization arise as the system moves below ~1600 K into polar order in the ferroelectric environment.
ii) The P6 3 cm ferroelectric distortion Fig. 4 shows that the onset of ferroelectricity in TmMnO 3 appears beginning at ~800 K due to additional bipyramid distortion [8] when, upon cooling the lattice, it gradually goes from triangular antiferroelectric to triangular ferroelectric within the P6 3 cm space group. [15] The emergent polar environment implies better defined vibrational bands The most distinctive change takes place at ~300 cm -1 , which is the frequency for a However, the band for the lattice mode at ~219 cm -1 and 4K ( Fig. 6 and Table I ). This aims to account for possible minute changes in the non-equivalent Tm lattice sites associated with the activation of the superexchange Tm-O-Mn pathways, off the ab plane, where tetrahedra distortions are known to be consequence of nonequivalent Rare Earth sites ( Fig. 1(b) [14] . Then, the electric dipole change would signal coupling between the magnetic and electric counterparts [31] in an environment with shorter local phonon correlation length yielding a dispersion whose contribution, close but off-zone center, distorts the infrared vibrational profile. It is also interesting to note that this consequence, related to Rare Earths, may correlate to earlier optical studies for YbMnO 3 where it has been observed exchange line splitting symmetrically into two at 85 K in the Yb 3+ crystal field spectrum following its magnetization curve yielding T N = 87.3K [32] 
iv) THz hybrid soft modes
Overall, magnetoelectric coupling in hexagonal TmMnO 3 is expected to result in a more relaxed lattice setting than in the O' perovskite phase belonging to the space group D 2h 16 -Pbnm [33] . Recently discussed for NdMnO 3 , [20] that environment trails its origin to the orbital disordered primordial perovskite lattice in which background e g electrons are in fluctuating d-orbitals [34, 35] . The consequence of orbital electron dynamics in hybridized oxygen-manganese distorted e g orbitals implies embedded minute orbital misalignments. This effect randomizes non-static electrons in the likely breathing distortion of an enhanced correlated, strongly polarizable, metal-oxygen bond creating a THz instability outcome from the spontaneous strain distortion. [36] In TmMnO 3 the collective instability, shown in Fig. 7 , appears as a room temperature smooth strong tail below 100 cm -1 . [37, 38] We found that on cooling the profile change as a consequence of gradually Peaking at 26 cm -1 the band at lower frequency is Rare Earth dependent. [42, 37] (Fig. 8 ) Being sharp and well defined we simply assign peak positions based on the maximum in the spectra. The three parameter power fit to the temperature dependent peaks (Fig, 9) , yields (Spj stands for the jth soft peak). β ~0.42 matches the critical exponent for spontaneous long-range antiferromagnetic order in a hexagonal lattice. [43] Poirier et al [44] reported on the presence of spin fluctuations above and below the critical temperature of hexagonal YMnO 3 . Exchange interactions coupled strongly to the lattice yield conventional antiferromagnetic longrange order with β= 0.42. We find this coincident with our TmMnO 3 spectra (Fig. 7) and accordingly, as in NdMnO 3 , we call that excitation
spin-like.
The second asymmetric soft band centered at ~50 cm -1 (Fig. 7) is similar to the one discussed for perovskite NdMnO 3. [37] . However, as it is shown in Fig. 8 (a) the band profile for that excitation appears as an envelop of the corresponding in TmMnO 3 in which, at difference of NdMnO 3 , there is a band splitting suggesting a more complex picture. Fig. 8(a) shows that weakest component of the two at ~54 cm -1 and 4 K matches the zone center magnon found in E-type LuMnO 3 [45] at the same energies, while the second one peaking at ~36 cm is the exponent for critical regimes close to temperatures at which a structural phase transition takes place. It suggests a delicate balance between a discontinuous first order and a continuous second order phase transition, i.e. where the fourth power coefficient, in the free energy expanded in terms of the order parameter, is zero. This is the line where the first order transition meets the line of the second order transition. [46, 47] The β=0.25 that holds in a fairly large temperature range below T N is indicative that TmMnO 3 is indeed affected by a structural fluctuation.
This fact also allows a more comprehensive understanding of those excitations as it becomes more transparent from their critical association with the transverse acoustical phonon ferroelectric-magneto coupling thus justifying a "phonon-like" name. In this fashion one is able to trace, as in YMnO 3 , [17] through the THz peak temperature dependence (Fig. 9 ) the opening of the transverse acoustical phonon gap at about T N showing that the perturbation introduced at finite q by the strong coupling between phonon and spin waves results for TmMnO 3 in distinct zone center hybrids.
All modes obey power laws with T N as the critical temperature.
Our findings also shade a better understanding of the same but stronger feature found in orthorhombic NdMnO 3 ( Fig. 8 (a) ) where, although not having substructure, it is also associated with zone center magnons. [37] The TA gap opening is symmetry dependent on spin and phonon dispersions and only when there is band crossing as in YMnO 3 [17] Our results presents another view of a second order transition in strongly correlated oxides for which the long-range macroscopic view given by Xray patterns, and described by a lattice space group, is not required to change.
CONCLUSIONS
Summarizing, we discussed the temperature dependent far infrared 1-E and reflectivity spectra of TmMnO 3 from 1910 K to 4 K.
At the highest temperature we found that the number of infrared bands are lower than that the predicted for centrosymmetric P6 3 We also hope that our measurements will motivate the need for inelastic neutron scattering measurements in order to help to quantify the individual mechanism driving multiferroic oxides. hybridized split band at 12 K (square) as it compares to the neutron profile (dot-bar) for the same excitation at q=0.15 in YMnO 3 [17] . Dashed lines are a two gaussian fit to this data by [17] . Massa et al
